Introduction
The study of gold and other metallic nanoparticles is a rapidly growing area of research in the materials science, and the products of these investigations have been applied to disciplines as diverse as medicine, sensing, and catalysis [1] . The properties of these nanoparticles such as their size, shape, and surface chemistry greatly influences their potential applications, especially in the case of their usage in living organisms [2] . To achieve these desirable properties a range of reducing agents and stabilizers have been explored, which has led to further concerns about the bio-compatibility of the nanoparticles produced with these synthetic methods [3] . A profusion of biosynthetic methods intended to be more environmentally-friendly and bio-compatible have been developed to assuage these concerns, and live cells or preparations of diverse bacteria, fungi, and plants are now known to be capable of carrying out reduction of Au 3+ in a way leading to gold nanoparticle (GNP) formation [4] . While these GNPs are certainly more bio-compatible, the mechanism of nanoparticle production is unknown for the majority of these biosynthetic methods. In the few cases that a mechanism is well described, nanoparticle formation either occurs as a mechanism of gold toxicity resistance through a species-specific microbial metallophore [5] , or is mediated by reducing sugars and terpenoids present only in certain plants [6] . In other instances individual enzymes have been used for GNP synthesis, but the possibility that enzyme cofactors employed in these reactions are sufficient for GNP production has yet to be excluded [7] . To address these gaps in knowledge, we set out to investigate the GNP-forming capabilities of the ubiquitous coenzyme nicotinamide adenine dinucleotide (NADH). In biological systems, NADH is used as a reducing agent for many enzyme-catalyzed reactions where it transfers two electrons to a substrate in the form of a hydride ion. We chose to investigate NADH specifically because-while it has no known chemical interaction with Au 3+ -it is known that intact GNPs catalyze its oxidation [8] . Furthermore, it has often been speculated that NADH-dependent enzymes are responsible for some observations of GNP biosynthesis by cellular extracts [9] , and it has been previously reported that addition of NADH restores the nanoparticle-forming capabilities of various enzyme extracts [10] . 
Results & Discussion
Synthesis of GNPs with NADH was accomplished by mixing small (100 μl) equal volumes of NADH and HAuCl 4 solutions at room temperature (see Materials and Methods). When the NADH added was either equivalent or in excess of the molarity of the Au in solution, a pink to deep red color characteristic of plasmonic GNPs resulted within several seconds ( Figure 1A ). Spectra which corroborate these visual observations are presented in Figure 1B , as the surface plasmon resonance (SPR) absorbance peak characteristic of GNPs (at approximately 530 nm) was found to increase in intensity with increasing concentration of NADH. This likely indicates that greater quantities of GNPs were produced as molar ratio increased. Supplementary Figure A shows that this effect plateaued above a 4:1 molar ratio of NADH:Au 3+ , suggesting that complete reduction of available Au 3+ occurred at this point. At molar ratios above 4:1 the location of the SPR peak did however, shift from its initial location, potentially indicating changes in the sizes or size distributions of the produced nanoparticles [11] . To further confirm the presence of GNPs in these solutions, several preparations were observed by transmission electron microscopy (TEM). In the micrograph displayed in Figure 1C and throughout the data collected-it was found that all particles were spherical in shape-in contrast to other biosynthetic methods where there is high variability in shape [12] . This relative regularity in shape may be due to the absence of confounding factors such as peptides, sugars, and salts that would inevitably be present in the crude extracts or cultures used in other methods. Energy-dispersive X-ray spectrometry of these same nanoparticles showed that they were indeed composed of Au ( Figure 1D ). Supplementary Figure B shows that the size of GNPs as determined by TEM was found to be from 3 nm to 7.5 nm on average, but that average size was not found to correlate significantly with the molar of NADH:Au 3+ (R 2 =0.4722). The lack of predictability in diameter observed is surprising, given that one would expect molar ratio to influence the relative rates of particle nucleation and growth [13] , however others have also reported the absence of clear relationship between particle nucleation rates and final size [14] . Particle size for the majority of GNP preparations was found to follow an approximately normal distribution at the 95% confidence level using the Anderson-Darling goodness of fit test. An example of such a distribution is shown in Figure 1E (p=0.251 for normality). The presence of larger outlier particles in each preparation-for instance the 6.5-7 nm particles in Supplementary Figure B-was also found to be typical among those imaged. The fact that all imaged preparations contained GNPs with small (<10 nm) average diameters agrees with the possibility that NADH is involved in other biosynthetic methods, as many of these also produce particles with average diameters under 15 nm [9] [12] . Here, we have shown that the ubiquitous biomolecule NADH is capable of reducing Au 3+ to form GNPs. Nanoparticle synthesis using this method occurs very rapidly, without heating, and produces uniformly spherical particles, all of which are advantages over many of the current biologically-and environmentally-friendly methods available. The ubiquity of the coenzyme NADH also ensures that these particles would be highly biocompatible. However, the price of pure NADH may make the widespread adoption of this method unlikely, as other non-biological reductants are far more economical. Furthermore, the size of particles was not defined by the amount of NADH added, and other factors such as pH need to be explored to obtain a size-controllable synthesis using NADH. The fact that NADH is capable of forming GNPs in vitro without any other input reveals the possibility that some -if not many -of the previously reported biosyntheses of gold and other metallic nanoparticles are in fact due to the action of this coenzyme. The only exceptions to this possibility are those cases in which biological extracts are extensively heated, as NADH is heat labile. With this information future investigations of nanoparticle biosynthesis should take into consideration, the GNP-forming ability of NADH when aiming to determine the mechanism of nanoparticle production, and control for its effects. 
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